This paper seeks to begin a discussion with regard to developing standardized Computer Aided Control System Design (CACSD) tools that are typically utilized in an undergraduate controls laboratory. The advocated CACSD design tools are based on the popular. commercially available MATLAB environment, the Simulink toolbox, and the Real-Time Workshop toolbox. The primary advantages of the proposed approach are as follows: 1 ) the required computer hardware is low cost, 2) commercially available plants from different manufacturers can be supported under the same CACSD environment with no hardware modifications, 3) both the Windows and Linux operating systems can be supported via the MATLAB based Real-Time Windows Target and the Quality Real Time Systems (QRTS) based Real-Time Linux Target, and 4 ) the Simulink block diagram approach can be utilized to prototype control strategies; thereby, eliminating the need for low level programming skills. It is believed that the above advantages related to suvldardization of the CACSD design tools will facilitate: I ) the sharing of laboratory resources within each university (i.e., between departments) and 2 ) the development of lntemet laboratory erperiences for students (Le.. between universities).
Introduction
Due to the multidisciplinary nature of the field, a consensus exists among control systems educators that laboratory experiences are particularly important with regard to the teaching of control systems [ 151. Unfortunately, recent studies have revealed a lack of formal experimental control education in many universities.
Specifically, a control systems report curd from industry [15] showed relatively low ratings for engineering graduates in attributes such as laboratory and hands-on experiences.
Engineering accreditation guidelines (ABET 2000 criteria) have also recognized that a well-developed laboratory component is a key for preparing a modem technological workforce. In addition, the recent NSF/CSS workshop on control education [3] acknowledged the importance of laboratory experiences with regard to exposing students to broader design issues that range from problem specification to hardware implementation and economic considerations. To be more specific, the NSFICSS workshop report [3] forwarded the following statement as one of its primary recommendations: "Promote control systems laboratory development ... and make experimental projects an integral part of control educarion for all siudents .... " Since ABET, NSF, and most faculty agree that the control laboratory experience is important, why is it so difficult to build and maintain an undergraduate control laboratory? As in most ' This research was performed in part by a Eugene P. Wiper Fellow and staff member at the Oak Ridge National ,Laboratory, managed by UTBattelle, L K , for the U.S. Department of Energy under contract DE ACOS-OOOR22725 and is supported in part by the U.S. NSF Grants DML 9457967, DMI-9813213, a DOC Grant, and an ARO Automotive Center
Grant.
problems related to standardization of hardware or software, we believe that the answer to this question is multipart.'In our opinion, around 1997 the use of standard PC hardware (i.e., without the requirement for a DSP), in conjunction with high level software language tools, became a more widely accepted method for implementing sophisticated control strategies' in real-time. We believe that feasibility of using standard PC hardware for control applications actually occurred sometime around the 1993 timeframe; however, it took some time for many control engineers to become comfortable with the concept. The use of standard PC hardware is an important concept because it reduces the cost of experimental development; moreover, it standardizes the computational engine. Second, while Quanser has been at the forefront developing a SimulinklReal-Time Workshop based front-end for standard PC hardware, other equipment manufacturers have slowly embraced this concept. Specifically, Quanser has pursued the use of SimulinklReg-Time Workshop with standard PC hardware since 1993; however, Feedback, Educational Control Products, Shandor, Kentridge Instruments, Extra Dimension Technology and many other educational plant manufacturers have not developed a SimulinMReal-Time Workshop front-end. That is, many of these companies have developed proprietary hardware and software for their plants; hence, the standardization of control laboratory equipment is made difficult due to the differences in the hardware and software components used by the various manufacturers.
To address these issues, we discuss the obstacles to standardization of a typical undergraduate control laboratory. Specifically, we describe the development of the necessary Computer Aided Control System Design (CACSD) software tools that allow a student to prototype controllers for a variety of manufacturers supplied plants using a Simulink/Real-Time Workshop front-end. In addition, we discuss some future directions with regard to control system laboratory development that will improve faculty productivity by fostering cooperation among academic institutions with regard to developing new material for control systems education. We also point out some possible technical directions that can be pursued with regard to Internet laboratory experiences for students who do not have direct access to control equipment at their university.
Before proceeding with the rest of paper, we need to stress that the concepts described in this paper provide only one possible avenue for addressing the current deficiencies 'with regard to the undergraduate control systems laboratory experience. The reader should note that we only discuss CACSD design tools that use a Here again a compatibility issue arises since in-house plants cannot-be easily interfaced with some of the commercially available CACSD software. Another approach that some control educators have taken to overcome the aforementioned compatibility issues is to design the control systems laboratoq using plants from only one manufacturer (e.g., see [141). However, this approach limits the educational experience to the plants supplied by one manufacturer and does not allow for the flexibility of rotating between a wide range of experiments by various manufacturers or the development of in-house experiments.
Proposed Solution to the Standardization Problem:
To hurdle the obstacles that impede the development of a standardized control systems laboratory, a software environment is required that provides a low-cost, standardized interface for commercially available plants and/or in-house developed plants. In this section, we describe a CACSD environment that meets these requirements. ' We note that it should be possible to'use Quanser's products to replace RTWT or RTLT however, one would need to develop or purchase the corresponding hardware driver interface. is used to create block diagram models. Various block-set libraries provide pre-configured blocks and connectors that can be incorporated into a model by simple drag and drop operations. Different types of sources in these libraries allow the user to apply different inputs. After the model is defined, the user can simulate the response of the system by selecting the appropriate t i m e integration method Simulink also allows for on-line parameter tuning in order to assess the change in system response. Scopes and other display blocks allow the user to view the simulation results while the simulation is still running.
RTW is an automatic C language code generator [16] for Simulink, which runs within the MATLAB environment. RTW generates C code directly from the Simulink models and automatically constructs a file that can be executed in real-time in various environments. In conjunction with RTW, Simulink provides a powerfid front-end for developing executable code without requiring a large amount of computer skills. That is, the block diagram interface of Simulink coupled to the RTW code generator allows the user to concentrate on the modeling and control issues as opposed to programming issues.
RTLT is a software package that gives the user the ability to implement a Simulink block diagram on a standard PC in hard real-time (i.e., provide a deterministic response). Specifically, RTLT is a set of source files, device driver libraries, a template makefile, and a =-file interface that uses RTW to automatically generate C code from a user-defined Simulink block diagram. The C code is first generated and compiled on a PC running RT-Linux. A target for running the generated code is then built on the same PC. 
Pendulum Experiment
worked with QRTS to develop a software driver4 for the ECP YO board that facilitates control prototyping with a SimulinWReal-Time Workshop front-end. We then developed a simple Simulink block diagram for a proportional derivative controller that forced the inverted pendulum to track a square wave reference signal. The Simulink user interface tools were then used to tune the control gains to achieve the desired response (see Figure 3 ).
Based on above experience, it became clear to us that the standardization problem could be resolved if this process could be repeated with other plants made by other manufacturers. The main advantages of this approach are that: the control experiment was implemented in real-time using a low-cost, standard PC, and the executable was generated from a Simulink block diagram; hence, ' This software extension of RTLT is now marketed by QRTS, and it allows ECP plants to be 
The Budget Constraint Issue
Shared Laboratories within a University: The use of shared laboratories may offer some relief with regard to the budget constraint issue. That is, leveraging off of the fact that the field of control system is multidisciplinary in nature can save funds. As such, it is quite common for engineering departments (e.g., electrical, mechanical. aerospace. chemical, etc.) to simultaneously offer undergraduate control system courses. These courses, although sharing some common theoretical content, are properly-adapted to the technical needs of their respective engineering fields [26] . Due to the multidisciplinary nature of control, it seems natural to develop educational control labs that are shared among engineehg departments. In addition, the existing paradigm of individual departmental laboratories seems difficult to sustain due to the high cost of laboratory equipment (i.e., the plants, oscilloscopes, voltmeters, actuators, sensors, computers, YO boards, etc.) and the increasing demands on faculty time [26] . As noted in the NSFlCSS workshop [3], shared laboratories have several financial and pedagogical advantages. experience can be found in [26] .
Internet Laboratory Concept:
Taking the shared laboratory paradigm a step further, the controls community is also starting to witness a trend towards the development of Intemet-based labs [lo] , [12] , [19] . The idea is to develop laboratory experiments that can be remotely accessed and controlled over the Intemet. The primary motivating factor of the Intemet laboratory concept is to enhance the accessibility of laboratory facilities for instructors and students. That is, an Intemet laboratory experience can be used to accommodate students whose schedules may not conform to the traditional laboratory model or students who require more time to complete laboratory work. The Internet laboratory concept also provides an experimental experience for instructors and students at universities that may lack the in-house resources. Typical components of an Intemet laboratory include [lo] Obstacles Associated with an Internet-based Control Lab: While the use of the Intemet may save funds with regard to providing a controls laboratory experience for undergraduates, there are some obstacles that impede the development of an Internet-based lab.
As described previously, the operation of Internet labs requires that the remote user connect to the server computer via a client computer and an Intemet connection. Once connected, most of the recently developed remote labs [12] only allow users to send set point commands to the physical plant and perhaps alter the control gain (i.e., the controller structure remains fixed). This is very restrictive since the student cannot design and test hisher own controller. Ideally, an Intemet laboratory should allow the student to design hisher own controller, upload it to the server computer, and test it on the actual plant. In this scenario, two issues need to be carefully addressed. First, the server computer should have the ability to detect and avoid problems (e.g., mistakes when a user uploads an "unsafe" controller that results in an unstable system or saturated amplifiers). Second, to the greatest extent possible, the Intemet laboratory system should avoid requiring the installation of special software on the client computer since compatibility problems may arise and discourage the student from making the effort necessary to get the experiment working. Some Intemetbased robotic systems work using a web browser as the human interface for the remote computer system [ll]. Although this eliminates the need for downloading specialized software, it limits the prototyping of new control strategies. Another aspect requiring further investigation is that, due to Intemet traffic and bandwidth, one must take care in developing a system to provide telepresence features that augment the Intemet laboratory experience. Previous
Internet-based robots such as Xavier The performance of the current Intemet capability of RTLT is acceptable on a local area network; however, because of network traffic, this solution is not practical for use over the Intemet. That is, the use of X Windows to remotely display a real-time plot, such as the Simulink scope, consumes much more bandwidth than simply sending decimated log data to the remote user workstation. In addition, the Intemet experience (see Figure 4) will be more real to the user if: 1) live streaming video of the experiment is provided as the experiment is operating, 2) a high quality 30 fps version is provided when the experiment is over, and 3) a live ' It is important to note that the Intemet control experience provided by RTLT does not require the user to have any MATLAB products running at the remote machine (i.e., the remote machine only utilizes an X server). may be commanded andlor violent oscillations may occur). To address these issues, the community needs to investigate using a switching control strategy that detects situations in which the user's controller is determined to be "unsafe". If an unsafe control situation is detected, the safe controller is switched on and the user is notified that hidher controller has failed; hence, system robustness is assured while allowing maximum flexibility for the user. One also needs to ensure that all lntemet experiments are self-resetting, so that the system will be able to reboot itself and resume operation without local human intervention.
Cost Comparison
In writing a paper like this, we also need to mention some issues related to cost and real-time performance. [28] ). To examine the real-time performance of RTWT from a control point of view, we have recently completed some relatively sophisticated robot control experiments with RTWT. Specifically, we have performed the same control experiments using both RTLT and RTWT for a six degree-offreedom robot manipulator. We achieved the same performance (i.e., the performance measured by the link tracking error) for both RTLT and RTWT. Since we know that RTLT provides very good real-time performance by using a hard real-time extension of Linux, we are becoming less skeptical about the use of RTWT. Perhaps, WinCon (with the VenturCom extensions), SimuLinux, and RTLT with their guaranteed hard real-time performance and other advantages6 will remain attractive alternatives for the control researcher or indushial user who demands hard real-time performance as well as a Simulink/Real-Time Workshop frontend.
Conclusion
~n this paper, we discussed the standardization of CACSD software tools for undergraduate control laboratory development.
Wincon, SimuLinux, and RTLT possess several advantages over RTWT (e.g., WinCon has superior plotting features in comparison to the Simulink scope); however, a discussion of these advantages was deemed beyond the scope of this paper.
Specifically, the proposed approach advocates the use of MATLAB compatible products to standardize the execution of controllers in real-time using standard, low-cost PC hardware. To illustrate the feasibility of the approach, we discussed the development of a Simulink/Real-Time Workshop front-end for a specific ECP plant. We then described how other commercially available plants could be back-fitted with no hardware modifications. To address the issue of reducing the cost associated with control laboratory development, we presented some new concepts with regard to using Intemet-based laboratory experiments.
